We report the discovery of systematic orbital variations in the apparent Dispersion Measure (DM) towards PSR J0737−3039A in the double-pulsar binary using the Green Bank Telescope. The peak-to-peak amplitude of the modulation is ∼0.09 pc cm −3 , with the peaks occurring near maximum elongation (i.e. when the pulsars are separated by the greatest angle on the sky). The apparent DM variation is fit equally well by models linearly proportional to the radial velocity of the pulsar (δDM V ) or its distance from the system's center-of-mass along the line of nodes in the plane of the sky (δDM X ). The best-fit values for the constants of proportionality were determined over a 50 MHz bandpass centered at 427 MHz and are δDM V = −0.0001488(19) pc cm −3 (km s −1 ) −1 and δDM X = −0.03222(20) pc cm −3 (lt-sec) −1 , respectively. The reference DM of the pulsar is ∼48.93(1) pc cm −3 . We argue that the model considering the DM variation to be proportional to the radial velocity is the most physically plausible. It implies that a modification to the standard cold plasma dispersion relation is required to account for propagation effects within the wind of the rapidly orbiting pulsar.
INTRODUCTION
Multi-frequency observations of radio pulsars made soon after their discovery (e.g. Goldstein & James 1969) showed that the arrival times of radio pulses are delayed with respect to those traveling in a vacuum according to a simple dispersion law valid for cold, uniform, and non-relativistic plasmas. The dispersion law describes the pulse delay as δT = DM α d ν 2 = 4.15 ms DM ν
−2
GHz ,
where the dispersion measure (DM) is the electron column density in units of pc cm −3 , ν is the radio frequency in Hz (or GHz for ν GHz ), and α d = 2.410 × 10 −16 pc cm −3 Hz is the socalled dispersion constant. Later studies showed that this law holds true over an extremely wide range of radio frequencies ranging from 25 MHz to 5 GHz (Phillips & Wolszczan 1992) .
While the cold plasma dispersion law has been shown to be valid for all pulsars, several groups have measured time variability of the DMs towards several exceptional pulsars. Isaacman & Rankin (1977) showed that the DM towards the Crab pulsar was highly variable over timescales of months to years, likely due to pulse propagation through the Crab nebula itself. Several millisecond pulsars (MSPs) have displayed small (i.e. fractional changes of 10 −4 −10 −5 ) variations in DM over the course of years due to the relative motion of and inhomogeneities in the interstellar medium (e.g. Backer et al. 1993; Kaspi, Taylor, & Ryba 1994) . In general, though, except perhaps for an extraordinary dispersion event recorded from the Crab pulsar where the DM changed by 0.1 pc cm −3 over 1−2 days (Backer, Wong, & Valanju 2000; Lyne, Pritchard, & Graham-Smith 2001) , short-duration and large-amplitude variations in DM are non-existent from the vast majority of pulsars. Some eclipsing binary pulsars do exhibit systematic but small-amplitude DM variations near 3 ransom@physics.mcgill.ca 4 Canada Research Chair; NSERC Steacie Fellow 5 KIPAC, Stanford University, P.O. Box 20450, MS 29, Stanford, CA 94309; Chandra Fellow eclipse when the radio pulses travel through the ionized winds from their companion stars (e.g. Fruchter et al. 1990) .
In this letter, we report the Green Bank Telescope (GBT) discovery of systematic and large-amplitude (±0.05 pc cm −3 ) DM variations as a function of orbital phase from PSR J0737−3039A in the double-pulsar binary J0737−3039 (hereafter 0737; Burgay et al. 2003; Lyne et al. 2004 ). The two pulsars in this system -the 22.7-ms A and the 2.77-s B -are in an eccentric (e ∼ 0.088), compact (orbital period P orb ∼ 2.45 h and projected semi-major axis for A of a A sin i/c ∼ 1.415 lt-sec), highly inclined (i 87
• ), and strongly relativistic orbit. 0737 also displays eclipses of A and strange orbital phase-dependent flux enhancements of B, both of which imply that interesting plasma physics phenomena are occurring in the system. The measurement of these DM variations -which are 7−8 orders of magnitude larger in d(DM)/dt than observed from other MSPs -and the simple model that we present to fit them indicate potentially new pulsar physics from this unique system.
OBSERVATIONS AND DATA PREPARATION
We observed 0737 five times with the GBT at four different radio frequencies (427, 820, 1400, and 2200 MHz) During each observation, we recorded data with the Berkeley-Caltech Pulsar Machine (BCPM; e.g. Kaspi et al. 2004 ) using summed orthogonal IFs and 72 µs sampling. For the 427-and 820-MHz observations discussed here, the BCPM 4-bit sampled 96×0.5 MHz channels and recorded the data to disk. In order to ameliorate the dispersive smearing caused by such coarse frequency channels in the BCPM at these frequencies (0.37 ms at 820 MHz and 2.6 ms at 427 MHz for 0.5-MHz channels), we also recorded data using the new 
GBT Spectrometer Spigot Card
4 which has an order of magnitude better frequency resolution. This instrument, developed jointly by Caltech and NRAO, receives and processes auto-correlations from the GBT Digital Spectrometer. The Spigot's two digital logic cards accumulate, sort, pack, and decimate the auto-correlations and then send them to a PC for additional packing and recording to a large RAID array. For the 427-MHz observation, we used mode #42 of the Spigot to process and record 1024×16-bit lags from two summed orthogonal IFs every 81.92 µs over 50 MHz of bandwith. Approximately 40% of the data from this observation was ruined by strong interference which saturated the GBT Spectrometer.
We de-dispersed the 427-MHz Spigot data into four equal sub-bands centered at 408.25, 420.75, 433.25, and 445.75 MHz assuming the DM=48.9 pc cm −3 (Lyne et al. 2004) . For the 820-MHz BCPM data, we created two subbands centered at 808 and 832 MHz. Using the timing ephemeris for A from Lyne et al. (2004) , we folded subintegrations of each sub-band of duration 3.7 minutes for the 427-MHz data, and ∼10 minutes for the 820-MHz data, modulo the predicted pulse period. Discarding folds significantly contaminated by interference left us with 78 and 60 profiles per sub-band for the 427-and 820-MHz data, respectively.
Using high signal-to-noise ratio template profiles derived from the Spigot data at both 427 and 820 MHz, we measured times-of-arrival (TOAs) for each of the profiles by crosscorrelating them in the Fourier domain with the templates (e.g. Taylor 1990 ) and then referencing the cross-correlation maxima with the observation start time as determined with the observatory clock. After using TEMPO 5 to fit a local timing solution (including the pulsar spin period P spin , a A sin i/c, e, epoch of periastron T o , and DM), we noticed large amplitude (i.e. up to ∼200 µs) and frequency-dependent trends in the 427-MHz Spigot residuals as a function of orbital phase. Analysis of the 820-MHz BCPM residuals revealed a similar but much smaller amplitude (i.e. ∼20 µs) effect and indicated that the trends were not instrumental in origin (see Fig. 1 ).
MODEL FITTING
Examination of the residuals showed that the time delays were arranged and ordered by observing frequency and were much larger in magnitude at 427 MHz than at 820 MHz. These properties indicated a roughly ν −2 dependence and implied that they could be modelled as orbital phase-dependent DM perturbations. In such a model, the standard cold-plasma dispersion relation of Eq. 1 becomes
where δDM is the variation of the DM from a reference value as a function of the mean orbital anomaly φ orb (where φ orb = 0 indicates periastron passage). Determination of instantaneous DMs, by fitting eqn. 1 to groups of simultaneously obtained TOAs from each of the sub-bands, indicated that the measured DM peaks near φ orb ∼ 0.25 (see Fig. 2 ). Since the longitude of periastron passage during these observations was ω ∼ 80
• , the DM peak corresponds approximately to maximum elongation (i.e. where A and B have their greatest separation in the plane of the sky) and where A is moving towards Earth at its full orbital velocity (∼300 km s −1 ). Such an effect is surprising since most eclipsing MSPs which show orbital DM variations (for example, PSR J0023−7203J in globular cluster 47 Tucanae; Freire et al. 2003) have DM maxima during superior conjunction, when the pulsar is directly behind the companion. The the best-fit model where the DM is proportional to the radial velocity of A, as described in §3, and which produced the white-noise-like residuals in Fig. 1 . While the fitted amplitudes of the DM variations are consistent between the 427 and 820 MHz data at the ∼1-σ level, the fitted reference DMs (indicated by the grey lines at zero radial velocity) differ at the ∼3-σ level.
passage of the pulsations through an ionized wind from the companion causes frequency-dependent delays.
We fit two simple one-parameter models for δDM to the arrival time residuals. In the first model, which we represent with δDM X , the change in DM is proportional to the distance of A in the plane of the sky from the center of mass (i.e. a DM gradient across the projected orbit): DM = X CM δDM X + DM ref . The second model, represented with δDM V , correlates the DM variations with the radial velocity of A: DM = V r δDM V + DM ref . Since TEMPO cannot currently fit for orbital phase-dependent DMs, timing solutions produced with it when δDM is non-zero result in under-or over-corrected dispersive delays which contaminate the measurement of orbital parameters such as a A sin i/c, e, and the Shapiro "range" and "shape". In order to remove these effects, we fit the models in a two-step iterative fashion.
Using TEMPO, we computed the barycentric arrival times of each TOA and used them with the Lyne et al. (2004) timing ephemeris to compute the mean (φ) and true (Θ) orbital anomalies for A at each time. We used these anomalies to calculate the distance from the center-of-mass along the line of nodes (assuming i = 88.
• 7; Ransom et al. 2004 )
and the radial velocity
as functions of time (e.g. Shapiro & Teukolsky 1983) . Using the known X CM s and V r s and choosing the measured DM from Lyne et al. (2004) as our initial DM ref , we determined an initial δDM X or δDM V as appropriate by leastsquares minimizing the full set of timing residuals from our initial local timing solution, minus the delays associated with δDM X or δDM V from eqn. 2. We then fit the resulting δDM-corrected TOAs with TEMPO to the same local timing model for A described above (consisting of P spin , a A sin i/c, e, T o , (38) and DM). For the 820-MHz data, we also fit for a pulsar spin frequency jump between the two observations in order to correct for a systematic effect of as-yet unknown origin as described in Ransom et al. (2004) . The TEMPO-determined DM (i.e. DM ref ) and the least-squares-determined δDM X or δDM V became the input values for another iteration, which converged several iterations later and produced the values in Table 1 . All of the listed confidence intervals are 1-σ statistical and were determined from projections of the χ 2 space after adjusting the TOA errors such that χ 2 /DOF=1. Figs. 1  and 2 show the results of the radial velocity fits on the TOAs and measured DMs, respectively. Both models produce effectively perfect fits to the data. It is worth noting that since the eccentricity of A's orbit is not large, both models predict similar, but not identical, functional forms for the DM variations. The maximum deviation between the models ranges between 0.002 and 0.008 pc cm −3 as a function of ω. For these observations the deviation is near 0.002 pc cm −3 , and is too small to allow our data to distinguish between the models.
DISCUSSION
The discovery of large-amplitude orbital phase-dependent dispersion variations from 0737 is a surprising development from an already unique system. The fact that the maxima of these dispersion variations occur near maximum elongation is even more surprising.
While it is possible that the DM variations are simply due to an electron gradient across the orbit, we feel that such an explanation is unlikely for several reasons. A dense HII region could theoretically cause the large column densities and steep gradient implied by a ∼0.09 pc cm −3 DM variation across an orbit size of ∼2.8 lt-sec if our line-of-sight passes through its edge. However, we know that 0737 is moving with a systemic velocity of ∼140 km s −1 or 2.8 lt-sec every ∼1.7 hrs in the plane of the sky . Unless the velocity direction is tangent to the edge of the HII region, it is difficult to explain how the measured DM ref s and δDMs could be so similar between the 427 and 820 MHz observations even though they occurred more than a week apart. This argument implies that any excess plasma causing DM variations must be moving with 0737 and is therefore generated within. Since B is a slowly-rotating neutron star, it probably cannot generate a large-scale wind (and therefore the required electrons) as observed from eclipsing MSP companions. While A's wind may be asymmetric (see e.g. Jenet & Ransom 2004) , it seems unlikely that it could provide both the column density required and a perfectly linear gradient over the projected orbit.
An alternative to the electron gradient model is the exciting possibility that the standard cold-plasma dispersion relation as applied to a non-relativistically moving medium requires modification for 0737. If the DM variations result from a plasma effect that depends on the relative motion of the pulsar and the dispersing plasma or on the relative motion of the plasma and the observer, then as the radio pulses travel through A's own (and possibly B's) wind, A's orbital velocity would modulate the effect. In order for such an effect to produce the large amplitudes observed, the plasma may need to be warm and magnetized such that a cyclotron resonance outside the light cylinder can contribute to the dispersion of the pulses. Such an effect may also be sensitive to the polarization mode of the incident radio waves. A more detailed description of these theoretical considerations will be given elsewhere, since they offer a significant probe of winds' properties near their pulsar sources.
Whatever the cause of the variations, if uncorrected, they will contaminate timing measurements of orbital parameters such as a A sin i/c, e, and the Shapiro delay parameters, and hinder long-term efforts to test General Relativity. Since this effect will be important for timing of the pulsar and potentially implies new pulsar physics, clearly more data are essential. Simultaneous multi-frequency and/or low-frequency but wide-bandwidth observations of 0737 will test the effect's ν −2 dependence and will also allow very precise determination of the functional form of δDM. In addition, measurements of this effect towards other high orbital-velocity binary pulsars may be crucial for model development.
It is interesting to speculate whether such variations are already present in existing data from other binary pulsars such as the two classic double neutron-star systems PSR B1913+16 and PSR B1534+12 or the pulsar-massive white dwarf system PSR J1141−6545. DM variations would have been difficult or impossible to measure during the long-term timing of B1913+16 by Taylor & Weisberg (1989) since most of their observations were made at either 1400 MHz or with very small (i.e. <1%) fractional bandwidths at 430 MHz. Intriguingly, though, Arzoumanian (1995) , and later Stairs et al. (1998) and Stairs et al. (2002) noted that Arecibo 430 MHz observations of PSR B1534+12 seemed to show orbital phaseand frequency-dependent arrival time variations. They attributed these timing anomalies to a combination of scintillation and instrumental effects, but we wonder whether DM variations similar to those from 0737 were the real cause.
Finally, it is worth noting that while the fitted values for δDM as measured at 427 and 820 MHz are consistent with each other at about the 1-σ level, the fitted reference DMs for both models at the two frequencies differ at the 3-σ level. In fact, if we attempt to combine our DM ref measurements in order to refine the "true" DM towards 0737, our best value of ∼48.93(1) pc cm −3 is significantly less precise than the statistical errors from each of the individual DM ref fits. We do not understand why this is so. It is possible that the center frequency of one of the observing bands was slightly different from the reported value, which would cause such an effect. Alternatively, the DM towards 0737 may vary at the ∼0.01 pc cm −3 level on a daily or weekly basis due to a line of sight through a particularly dense and/or turbulent portion of the interstellar medium. If so, regular simultaneous multi-frequency observations of 0737 will be required both for long-term timing and to untangle the systematic DM variations from the stochastic.
